Growing efforts have been dedicated to organic monolayer junctions that may afford a new generation of devices of far smaller size and higher density. The most common arrangement simply consists of two metal electrodes in direct contact with molecules that fingerprint their current-voltage response. Various architectures of molecular junctions have been reported, including mercury drop, 1 nanopore, 2 cold break, 3 cross-wire, 4, 5 and scanning probe microscopy tipbased junctions. 6, 7 Observed transport behaviors for these junctions include negative differential resistance, 8 rectification, 9 quantum conductance, 10 and two-state switching.
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These phenomena are attributed to molecular tilt, 12 asymmetric electrode coupling, 13 metal work function, 14 and interfacial dipole moment. 15 Among the different types of molecular junction architectures, planar junctions are the most compatible with creating large size features up to millimeters. Large-area molecular devices are typically required for spectroscopic analysis, such as Raman scattering, optical, and x-ray photoelectron spectroscopy. The main challenge in their fabrication remains to be the deposition of a top metal contact onto the organic molecular surface. For any conventional metal deposition method such as evaporation or sputtering, the process easily decomposes the underlying molecular layer, creating metallic shorting. 16 Recent efforts have focused on indirect evaporations such as soft lithography, 17 nanotransfer printing, 18 and lift-off processes. 19 Contact printing is one of the most promising alternatives for depositing the top metal electrode without degradation of the underlying selfassembled monolayer ͑SAM͒. 18, 20, 21 Thus far, contact printing has been only applied to noble metals such as Au, Ag, and Pt. 22, 23 We report here large-area metal/SAM/metal junctions based on magnetic metal cobalt, created by coupling the techniques of self-assembly and contact printing.
The Au/ Co/ SAM/ Co/ Au junction array was patterned on a Si wafer. The bottom metal electrode ͑8 nm Ti adhesion layer, followed by 100 nm Au and 40 nm Co͒ was deposited sequentially by e-beam evaporation on the Si substrate. A dithiol SAM was then formed on the Co film by immersing the substrate in a 10 mM methyl ethyl ketone ͑MEK͒ solution of 1,10-decanedithiol ͓HS͑CH 2 ͒ 10 SH͔ for 24 h. The monolayer-coated samples were removed from solution, rinsed with MEK, and dried in a stream of N 2 gas.
Detailed fabrication procedures for the photoresist negative mold and poly͑dimethylsiloxane͒ ͑PDMS͒ stamp can be found elsewhere. 24 The bare PDMS stamp was placed in the e-beam evaporator and coated with a metal bilayer film ͑20 nm Au followed by 20 nm Co, such that Co is the exposed top layer, and subsequently Au after contact printing͒. The stamp was then immediately placed onto the SAM surface for several seconds without extra manual pressure. Peeling away the stamp left the metal film on the SAM surface and completed the junction fabrication.
Grazing incident x-ray diffraction ͑GIXRD͒ data were collected with a 0.04°step size, 1 s step time, and 10°-80°2 scan range. Film thickness, density, and surface/interface roughness were determined by x-ray reflectivity ͑XRR͒ data and analysis. The I-V measurements were performed under ambient conditions with a picoammeter under computer control.
The Au/ Co/ SAM/ Co/ Au junction feature size ranged from 50ϫ 50 m 2 to 2 ϫ 2 mm 2 . The lower size limit is 1 ϫ 1 m 2 , that of the conventional lithography used. Cobalt sandwiches the alkanedithiol monolayer on both sides ͓Fig. 1͑a͔͒. The Au metal is used to facilitate contact printing transfer, as well as to help protect Co from oxidation. Interfacial electronic studies by Caruso et al. of thiol terminated SAMs on Co and Au surfaces suggest that thiols bond to cobalt surfaces stronger compared to gold surfaces. 25 Figure 1͑a͒ is a schematic illustration of both the molecular junction array and electrical circuit used for I-V measurement. Figure 1͑b͒ is an optical reflectance micrograph of the Au/ Co/ SAM/ Co/ Au junction array. The square size in this example is ϳ50ϫ 50 m 2 . The darker color regions are metal printed from the PDMS stamp, while the lighter color circular regions are uncoated bare substrate-metal-SAM areas surrounding the squares. This phenomenon is due to stamp deformation during contact printing, as we recently described in detail for Ag-based films. 24 The patterned junctions were created in parallel without chemical-based etching steps, enabling a rapid fabrication of thousands of devices on a single wafer in a single step.
The GIXRD pattern of the multilayered film is shown in Fig. 2 . All expected polycrystalline Au peaks are present in the diffraction pattern. No Co peaks are observed, possibly due to its x-ray amorphous nature. 26 XRR data are presented in Fig. 3 , and the resultant density, surface roughness, and thickness of each layer are summarized in Table I . The experimental SAM thickness is ϳ1.31 nm, indicating that the decanedithiol molecules ͑molecular length ϳ1.45 nm, from the Cambridge Structural Database͒ are tilted with respect to the surface normal by ϳ33°, in close agreement with the theoretical and experimental value of 30°. 27 The top Co layer thickness of ϳ21 nm is very close to the expected value of 20 nm. The top Au layer ͑thickness ϳ8 nm͒ has an experimental density of ϳ14.50 g / cm 3 , lower than the standard value for bulk Au of 19.30 g / cm 3 . In contrast, the much thicker bottom Au layer has an XRR density of 19.33 g / cm 3 , almost the same as the standard value for bulk Au, indicating that the layer is more condensed. The top Co layer shows a density of 9.53 g / cm 3 , very close to that of bulk Co, 8.90 g / cm 3 . The roughness of the bottom double layer is 1.461 nm, much less than that of the top Au and Co layers, 3.988 and 4.396 nm, respectively. This observation is not surprising since the bottom metal bilayer was e-beam evaporated directly on the polished single crystalline Si substrate, while the top bilayer was contact printed from the PDMS stamp surface and likely involved some degree of recrystallization. 28 Energy dispersive spectroscopy of the printed area gave all excepted elemental peaks of Au and Co ͑not shown͒, confirming the existence of Co despite the lack of peaks in the GIXRD pattern.
Two-terminal transport measurements were performed on the junctions. Figure 4 shows a typical two-probe I-V curve from the setup depicted in Fig. 1͑a͒ . As expected, the resistance of the SAM junction was significantly high, ϳ1.2ϫ Table I . The current then shows a hysteresis when the applied voltage is swept between 1.0 and −1.0 V.
No such behavior is observed for previously published alkanethiol or alkanedithiol SAM junctions using Au, Ag, or Pt metal electrodes. 4, 14, 31, 32 Recently, however, hysteresis has been reported in various molecular junctions regardless of the junction configuration, such as controllable switching in an eicosanoic acid crossbar junction device. [33] [34] [35] Charge trapping by defects located at the molecule-metal interface accounted for the switching hysteresis of the planar crossbar device. The prominent hysteresis in our samples is therefore most likely due to charge trapping at the interfaces of Co and alkanedithiol molecules. We are currently studying related systems with other magnetic metals for further investigation of this hysteresis.
In summary, we have created metal/SAM/metal molecular junctions involving magnetic metal Co, deposited by contact printing without the need for costly fabrication equipment. XRD and XRR show expected film structures, roughness, density, and thickness. Current-voltage hysteresis is attributed to charge trapping effects at the interface of cobalt and SAM. Co metal in a molecular junction may be particularly valuable in spintronic applications.
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